Amine based solvents are extensively being used for post combustion carbon capture through absorption. Each solvent has its associated benefits and drawbacks. In order to overcome their drawbacks, a number of mixed amine streams have been used. However, this amalgamation step is usually overshadowed by process optimization issues and cost limitations. In this study, Monoethanolamine (MEA) -Methyldiethanolamine (MDEA) is used as the mixed amine-based solvent for removal of carbon dioxide. A simulation model of CO 2 removal is developed using Aspen HYSIS to optimize the process. Subsequently, an economic analysis is constructed to evaluate the operating expenditure (OPEX) and capital expenditure (CAPEX) based on the simulation model, followed by sensitivity analysis. It is found that 25 wt% MDEA and 15 wt% MEA is the optimal operating condition that achieve the minimal total cost. Sensitivity analysis reveals that utilities cost affects the total cost significantly, followed by CAPEX. However, the effect of raw material costs on total cost is negligible.
Introduction
A number of known methods like solvent absorption, solid adsorption, membrane separation, direct conversion and cryogenic fractionation are being used for carbon dioxide capture process. Among these methods, amine-based absorption is the most commonly used and commercially proven technology. However, this process is highly energy intensive due to the thermal energy requirement needed to regenerate the solvent which affects the total operating cost significantly and thus needs to be optimized [1] . Parametric analysis using process simulation software provides optimization due to savings in cost, time and resources, with good approximation of real-life scenarios [2] . This study focuses on development of simulation model for CO 2 capture process and its economic analysis of operational expenditure (OPEX) and capital expenditure (CAPEX), for a nominal 240 TPH carbon capture facility at 90% removal efficiency. The process has been simulated through Aspen HYSYS by using mixed amines (MEA-MDEA) and flue gas as feed. The inspiration for the selection of MEA-MDEA comes from work of Kucka [3] , Lawal [4, 5] , Zheng et al. [6] and Nestor [2] . Optimal economic (minimum total cost) condition has been determined using MEA-MDEA blending proportion as objective function. The effecting parameters include amine circulation rate (pumping costs), effluent CO 2 concentration (removal efficiency) and reboiler duty (heating costs), which were minimized.
Problem Formulation
Amine based absorption units have been used extensively for carbon dioxide capture in process and power plants. This method of removal of CO 2 has been largely associated with various constraints of operational parameters. However, the major challenge in the process of amine-based CO 2 capture from the flue gas is the minimization of the operating and capital cost [7] . Various alkanolamines have been reportedly used for commercial purposes but due to their characteristic advantages and disadvantages, a single (pure) amine stream is usually not feasible for efficient and ideal operation [2, 6] . The mixing of both amine streams seems to be plausible solution to counter their inherent drawbacks. The question still remains to define the blending proportion between MEA and MDEA. Since, the blending proportion affects absorption capacity and energy requirement of the regeneration process; it has direct impact on recirculation rate (pumping costs), reboiler duty (heating costs) and CO 2 removal efficiency, which have consequent influence on the total cost of the CO 2 capture process. A simulation model of CO 2 capture process was developed by using Amine Fluid Package of Aspen HYSYS [8] . The simulation model consisted of two typical unit operations, namely absorber and regenerator. The operational parameters and equipment specifications are given in Table 1 . The CO 2 content of inlet flue gas was 15 mol % (along with H 2 O = 5%, N 2 = 65% and O 2 = 15%) and it was targeted to remove 90% of the CO 2 present. Several parameters (as stated above) were tested against blending proportion of MEA-MDEA. Amine concentration was selected from 0% MEA (40% MDEA) to 40% MEA (0% MDEA) [9] . The mathematical model for cost was distributed into two phases. Capital expenditure (CAPEX) was calculated from direct and indirect costs of purchased equipment cost (PEC) using following formulas [10] , while operating expenditures were calculated from operational variable and direct costs. The factors are given in Table 2 . (1) Direct production cost = total variable cost + total fixed cost (2) 
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Process and Advanced Materials Engineering of various changes in materials, capital expenditure and utilities cost. It can be observed that a minimum value for all parameters (given in Figure 1 to 4) is achieved at the concentration of 25 wt% MDEA (and 15% MEA). This yields an optimized total cost of US$ 158 million. Characteristically, MEA high absorption capacity (low recirculation and pumping costs) and good removal efficiency (less solvent requirement), but is badly constrained by high heat of absorption (exothermic reaction in absorber) and similarly requires massive amounts of heat for regeneration (high reboiler duty). On the contrary, MDEA (being a tertiary amine) have totally opposite qualities to MEA, as shown in Fig 2 to 4 . Hence, blending of two opposite nature solvents cancels their drawbacks until the MDEA concentration reaches 25 wt%. When the MDEA proportion exceeds 25 wt%, all the parametric values again increase as the CO 2 content in the rich amines is higher due to lower CO 2 removal efficiency. Sensitivity analysis has been conducted to study the impact of the variations in the values of different input cost to the output (total cost). The solvent price does not show any significant impact on the total cost. However, utilities cost has the most significant impact on the total cost, followed by CAPEX. This can be attributed to large amount of heating and cooling required in utilities section for solvent.
Conclusion
In this study, post-combustion CO 2 capture process has been investigated. The whole process has been modeled and optimized using a process simulator (APEN HYSYS). It is concluded that optimal values of the parameters follow characteristic trends. The optimum operating condition for the CO 2 capture process is the mixture of 25 wt% MDEA and 15 wt% MEA aqueous solution; with a minimum cost of US$158 million. A sensitivity analysis has been conducted. The utilities cost and capital expenditure affects the total cost, significantly. The work can be further extended to investigation of various thermodynamic parameters for optimal operation.
